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ABSTRACT
The preparation of quantum system and the execution of quantum information tasks between distant users are always affected
by gravitational and relativistic effects. In this work, we quantitatively analyze how the curved space-time background of the
Earth affect the classical and quantum correlations of photon pairs, which are initially prepared in a two-mode squeezed
state. More specifically, considering the rotation of the Earth, the space-time around the Earth is described by Kerr metric.
Our results show that these state correlations, which initially increase for a specific range of satellite’s orbital altitude, will
gradually approach a finite value with increasing height of satellite’s orbit (when the special relativistic effect is involved). More
importantly, our analysis demonstrates that, the changes of correlations generated by the total gravitational frequency shift
could reach the level of < 0.5%, within the satellite height at geostationary Earth orbits.
Introduction
As one of the most important developments in modern
physics, Quantum entanglement – a central characteristics
of quantum correlations – has arouse widespread attention
in most recent years1,2. However, one interesting question
which still calls for consideration is, can the separable state
(i.e., not entangled) only be determined as a classically corre-
lated state without quantum correlations? Following this di-
rection, several recent studies have focused on such issue and
revealed some signatures of quantumness in separable states,
which indicates its tremendous potential in future quantum
technology. Note that one of such signatures is the so-called
quantum discord, which captures general quantum correla-
tions even in the absence of entanglement in a quantum state.
Following the methodology firstly proposed3–5 and identified
as a resource for computation6, quantum discord originates
from the discrepancy between two classically equivalent def-
initions of mutual information, which can be derived from
a measure of the total correlations in a quantum state. Al-
though the nature of quantum discord is still unknown, it is
rewarding to investigate its important role played in the real-
ization of some quantum information tasks, especially in the
absence of quantum entanglement. As was found in7,8, cer-
tain quantum information processing tasks can also be done
efficiently, even without the participation of quantum entan-
glement.
In realistic situation, the preparation of quantum system
and the procession of quantum information tasks are always
accompanied with gravitational and relativistic effects. Con-
sidering the fact that the previousworks have paid more atten-
tion to quantum discord without gravitational or relativistic
effects, its behaviors in a relativistic setting or curved space-
time background is still an uncharted territory. Fortunately,
the quantum field theory of curved space-time provides a the-
oretical framework to carry out the above analysis9,10, which
enables one to incorporate relativistic effects into quantum
experiments. Nevertheless, when studying quantum resource
in relativistic setting, the effects of gravity and motion – es-
pecially on the quantum properties and their applications –
have always been ignored, which fails to overcome the in-
herent inconsistency between quantum physics and relativ-
ity. Such gap has recently been bridged by quantum field
theory in curved space-time, which was employed as the
core framework to compute the ultimate bounds on ultra-
precise measurements of relativistic parameters9,10. Further
progress in this direction has been achieved by11,12 in two
papers discussing quantum discord in de Sitter space and be-
tween relatively accelerated observers. Meanwhile, under-
standing the influence of gravitational effects on quantum dis-
cord also has practical and fundamental significance in real-
istic world, especially when the parties involved are located
at large distances in the curved space-time13. For instance, it
was found in14 that there would be inevitable losses of quan-
tum resources in the estimation of the Schwarzschild radius.
Furthermore, a quantitative investigation of the dynamics of
satellite-based quantum steering and coherence has been pre-
sented in15,16, given the curved background space-time of
the Earth. Nowadays, it is possible to explore those quan-
tum correlations (with quantum discord acting as resources
in quantum protocol) and the correlations in relativistic quan-
tum systems (which is related to the practical implementation
of many quantum information schemes, i.e., quantum key dis-
tribution through satellite nodes17 and other quantum infor-
mation tasks18–23). Therefore, it is practical and fundamental
importance to study the influence of gravitational effects on
the quantum resources when the parties involved are located
at long distances in the curved space-time.
In this work, focusing on the classical and quantum cor-
relations and its behaviors under gravitational effect of the
Earth, we will quantitatively analyze how the curved space-
time background of the Earth influence these correlations.
The correlated photon pairs are initially prepared in a two-
mode squeezed state, one of which is then assumed to stay
at Earth’s surface with the other propagating to the satellite.
Note that the photons’ wave-packet will be deformed by the
curved background space-time of the Earth in the propagat-
ing process, while a lossy quantum channel can be used to
model these deformed effects on the quantum state of pho-
tons24. Specially, we will quantitatively calculate the losses
of classical and quantum correlations, and furthermore dis-
cuss their behaviors in the curved space-time of the Earth.
The advantage of this work is that the Earth’s gravitational
field is described as lossy channel rather than global free mod-
els, because the latter suffers from the single-mode approxi-
mate problem and physically unfeasible detection in the full
space-time. Meanwhile, according to the equivalence prin-
ciple, the effects of acceleration are equivalence with the ef-
fects of gravity, our works could be in principle apply to all
types of correlations affected by the acceleration field.
This paper is organized as follows. Firstly, we describe the
quantum field theory of a massless uncharged bosonic field
propagating from the Earth to a satellite. Secondly, we briefly
introduce the definition of the measurements of mutual in-
formation, classical correlation, and quantum correlation (or
the quantum discord) for a bipartite Gaussian state. Thirdly,
we show a scheme to test large distance quantum discord be-
tween the Earth and satellites, based on which the behaviors
of three types of correlations will be studied in the curved
space-time. Throughout the paper we employ natural units
G = c = h¯ = 1.
Results
Light wave-packets propagating in the Earth’s
space-time
In this section, we will give a brief introduction about the
propagation of photons from the Earth to satellites, under the
influence of the Earth’s gravitational field. Considering the
rotation of the Earth, the space-time considered in this analy-
sis can be approximately described by the Kerr metric25. For
the sake of simplicity, our work will be constrained to the
equatorial plane and the Kerr line element in Boyer-Lindquist
coordinates (t,r,φ) reduces to25
ds2 = −
(
1− 2M
r
)
dt2+
1
∆
dr2
+
(
r2+ a2+
2Ma2
r
)
dφ2− 4Ma
r
dt dφ , (1)
∆ =1− 2M
r
+
a2
r2
, (2)
where M and r respectively denote the mass and radius of
the rotating planet. Based on the angular momentum J, the
Kerr parameter (i.e., normalized angular momentum) can be
expressed as a = J
M
.
In order to clearly describe the propagation of wave-
packets from a source on Earth to a receiver satellite situated
at a fixed distance, two observers called Alice and Bob are
prepared as the reference frames, respectively. More specifi-
cally, focusing on a photon sent from Alice at the time of τA,
it will arrive at Bob at the time of τB =∆τ+
√
f (rB)/ f (rA)τA,
where f (r) is the gravitational frequency shifting factor and
the ∆τ represents the propagation time of the light from Al-
ice to Bob. As is well known, photons can be modeled by the
wave packet of excitations of massless bosonic field, with
a distribution of F
(K)
ΩK,0
(ΩK is the mode frequency peaked
at ΩK,0)
26,27, where K = A,B denote the modes in Alice’s
or Bob’s reference frames, respectively. For an observer in-
finitely far from Alice or Bob, the annihilation operator for
the photon takes the form
aˆΩK,0(tK) =
∫ +∞
0
dΩKe
−iΩKtK F (K)ΩK,0(ΩK)aˆΩK , (3)
with the frequency distribution F (K)(Ω), which is naturally
applied to model a photon, a wave packet of the electromag-
netic field localized and propagating in space-time. Note
that the creation aˆ†ΩK,0
and annihilation aˆΩK,0 operators sat-
isfy the canonical equal time bosonic commutation rela-
tions ([aˆΩK,0(t), aˆ
†
ΩK,0
(t)] = 1) when the frequency distribu-
tion F (K)(Ω) is normalized (i.e.,
∫
Ω>0 |F (K)(Ω)|2 = 1).
Now let us consider a realistic situation, in which Alice (lo-
cated on the surface of the Earth, rA = rE ) prepared and sent
a wave packet F
(A)
ΩA,0
to Bob (located on the satellite), then the
latter received this wave packet F
(B)
ΩB,0
with an altitude of rB.
Considering the Earth’s gravitational field, the wave packet
received by Bob should be modified, following the relation
between the two wave packet of frequency distributions9,10.
Moreover, the gravity of the Earth will also change the mode
frequency ΩK with the shift of ΩA =
√
f (rA)/ f (rB)ΩB,
where f (rA)/ f (rB) is the total gravitational frequency shift-
ing function (see more details in the text). Therefore, the total
modified contribution induced by the gravitational effects of
the Earth can be written as
F
(B)
ΩB,0
(ΩB) =
4
√
f (rB)
f (rA)
F
(A)
ΩA,0
(√
f (rB)
f (rA)
ΩB
)
. (4)
One may clearly see that the effect induced by the curved
space-time of the Earth cannot be simply corrected by a lin-
ear shift of frequency, which indicates its great difficulty in
compensating such transformation induced by the curvature
in realistic implementations.
Fortunately, following the relation between such nonlin-
ear gravitational effect and the fidelity of the quantum chan-
nel9,10, it is possible to decompose the mode a¯′ received by
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Figure 1. (Color online) Three types of correlations I2
(Yellow), J2 (Green) and D2 (Red) as functions of increasing
orbit height h. The Gaussian bandwidth, squeezing
parameter and frequency of mode b2 are fixed at σ = 1,
s = 1 and ΩB = 1, respectively.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0
2
4
6
8
10
s
co
rr
el
at
io
n
D2
J2
I2
Figure 2. (Color online) Three types of correlations I2
(Green), J2 (Red) and D2 (Blue) as functions of the
squeezing parameter s. The orbit height of the satellite,
frequency of mode b2 and the Gaussian bandwidth are fixed
at h = 2× 104 km, ΩB = 1 and σ = 1, respectively.
Bob in terms of the mode a′ prepared by Alice and an orthog-
onal mode aˆ′⊥ (i.e., [aˆ
′, aˆ′†⊥] = 0)
28
a¯′ = Θaˆ′+
√
1−Θ2aˆ′⊥. (5)
Here Θ is the wave packet overlap between the distributions
F
(B)
ΩB,0
(ΩB) and F
(A)
ΩA,0
(ΩB), which takes the form of
Θ :=
∫ +∞
0
dΩB F
(B)⋆
ΩB,0
(ΩB)F
(A)
ΩA,0
(ΩB). (6)
It is easy to see that Θ = 1 corresponds to a perfect channel,
while Θ < 1 represents a noisy channel under the influence
of the Earth’s curved space-time, the quality of which can be
quantified by employing the fidelity of F = |Θ|2. In order to
better characterize the frequency distribution of the source, a
real normalized Gaussian wave packet is applied to Alice’s
mode
FΩ0(Ω) =
1
4
√
2piσ2
e
− (Ω−Ω0)
2
4σ2 , (7)
with the wave packet width σ . We remark here that in the
expression of the overlap parameter Θ (Eq. (6)), the domain
of integration will be extended to all real axis and the integral
should be performed over strictly positive frequencies. This
is justified by the fact that the peak frequency is typically
much larger than the spreading of the wave packet (i.e.,Ω0≫
σ ). Based on the combination of Eqs. (4) and (7), one could
obtain
Θ =
√
2
1+(1+ δ )2
1
1+ δ
e
− δ
2Ω2
B,0
4(1+(1+δ )2)σ2 , (8)
where the new parameter δ is introduced to quantify the shift-
ing effect:
δ = 4
√
f (rA)
f (rB)
− 1=
√
ΩB
ΩA
− 1. (9)
In the equatorial plane of the Earth described by Kerr metric,
the expression of parameter ΩBΩA
is rewritten as29
ΩB
ΩA
=
1+ ε a
rB
√
M
rB
C
√
1− 3M
rB
+ 2ε a
rB
√
M
rB
. (10)
Here the normalization constant takes the form of C = [1−
2M
rA
(1 + 2aω) +
(
r2A + a
2 − 2Ma2
rA
)
ω2]−
1
2 (with the Earth’s
equatorial angular velocity ω), and ε = ±1 stands for the
direction of orbits (i.e., the satellite co-rotates with the Earth
when ε =+1).
In order to obtain the explicit expression of the frequency
shift for the photon exchanged between Alice and Bob, we
try to expand the Eq. (9) by keeping the first order of the
perturbation term (rAω)
2. Note that the perturbative result
does not depend on the state of the Earth and the satellite
3/9
(i.e., whether they are co-rotating) and the shift parameter is
expressed as
δ = δSch + δrot + δh
=
1
4
rS
rA
( rA− 2h
rA + h
)− (rAω)2
2
− (rAω)
2
4
(3
4
rS
rA
− 2rSa
ωr3A
)
,
where δSch, δrot , and δh respectively denote the first order
Schwarzschild term, the rotation term, and the higher-order
correction term. Note that rS = 2M is the Schwarzschild ra-
dius of the Earth, while the parameter h = rB− rA quantifies
the height difference between Bob and Alice. It is necessary
to mention that due to the effects induced by the rotation of
the Earth, the overlap parameter Θ is no longer equal to one
when h = rA
2
, which is quite different from the Schwarzschild
case. However, when the satellite moves at the height of
h ≃ rA
2
, the gravitational effect of the Earth and the special
relativistic effect (i.e., doppler effect) will compensate each
other (Θ = 1), due to the motion of the satellite. Therefore,
the photons received by Bob at this height will not experience
any frequency shift, which implies that Bob’s clock rate will
become equal to that of Alice.
The influence of Earth’s curved space-time on three
types of correlations
In this section, in the framework of photon exchange between
the ground and satellites, we propose a scheme to test the
classical and quantum correlations at large distance, and fur-
thermore quantify the effect of the Earth’s curved space-time
on such correlations. In the framework of a pair of entan-
gled photons initially prepared in a two-mode squeezed state
(with the modes of b1 and b2 at the ground station), we firstly
send mode a photon with mode b1 to Alice, with the other
photon with mode b2 propagating from the Earth to the satel-
lite and then received by Bob. Due to the curved background
space-time of the Earth, the wave packet of photons will be
deformed. More specifically, the total correlation, classical
correlation, and quantum correlation (quantum discord) of
this system will be investigated in the curved space-time.
Considering the fact that Alice and Bob receive the two
modes (b1 and b2) at different satellite orbits, the effects in-
duced by the curved space-time should be included in the to-
tal process. As was discussed in9,10, such space-time effects
on the two-mode squeezed state can be modeled by a beam
splitter with orthogonal modes b1⊥ and b2⊥. The covariance
matrix of the initial two-mode squeezed state is given by
Σ
b1b2b1⊥b2⊥
0 =
(
σ˜(s) 0
0 I4
)
, (11)
Here I4 denotes the 4× 4 identity matrix and σ˜(s) is the co-
variance matrix of the two-mode squeezed state
σ˜ (s) =
(
cosh(2s)I2 sinh(2s)σz
sinh(2s)σz cosh(2s)I2
)
, (12)
with the Pauli matrix σz and squeezing parameter s. Follow-
ing the recent analysis of9,10, one can use lossy channels to
model the effects of the curved space-time on Alice’s mode
b1 and Bob’s mode b2, which are described by the transfor-
mation. In our scheme, we only consider Bob’s mode sent
to the satellite and Alice’s mode sent to the ground, which
means that Alice suffers a perfect channel (Θ1 = 1). There-
fore, one may naturally obtain
b¯1 = b1 (13)
b¯2 = Θ2 b2+
√
1−Θ22b2⊥,
and a mixing beam splitting of modes b1(b2) and b1⊥(b2⊥)
will represent this process. For the entire state, the symplectic
transformation can be encoded into the Bogoloiubov transfor-
mation
S =


I2 0 0 0
0 Θ2I2 0
√
1−Θ22I2
0 0 −I2 0
0
√
1−Θ22I2 0 −Θ2I2

 ,
based on which the final state Σb1b2b1⊥b2⊥ after transforma-
tion is Σb1b2b1⊥b2⊥ = S Σb1b2b1⊥b2⊥0 S
T . Then we trace over the
orthogonal modes (b1⊥,b2⊥) and obtain the covariance ma-
trix Σb1b2 for the modes (b1 and b2) after propagation
Σb1b2 =
(
(1+ 2sinh2 s)I2 sinh(2s)Θ2 σz
sinh(2s)Θ2σz (1+ 2sinh
2 sΘ22) I2
)
. (14)
Now the final form of the two-mode squeezed state, which
suffers from the influence of the Earth’s gravity can be char-
acterized by Eq. (14). Let’s remark here that, on the one hand,
a lossy quantum channel determined by the wave packet over-
lap parameter Θ (which contains parameters δ , σ and ΩB,0),
could fully describe the effect of the Earth’s curved space-
time on the quantum state. On the other hand, one could
straightforwardly obtain δ ∼ 2.5× 10−10, considering the
Schwarzschild radius of the Earth (rS = 9 mm) and a typ-
ical case that satellites always stay within geosynchronous
satellite orbit. Moreover, a typical parametric down con-
verter crystal (PDC) source with a wavelength of 598 nm
(corresponding to the peak frequency ΩB,0 = 500 THz) and
Gaussian bandwidth σ = 1MHz are also considered in our
case41,42, from which one could derive δ ≪ (ΩB,0σ )2 ≪ 1.
Therefore, for simplicity and clarity, we expand the wave
packet overlap Θ by keeping the second-order terms of the
parameter δ , i.e., Θ ∼ 1− δ
2Ω2B,0
8σ2
. In order to ensure the va-
lidity of perturbation expansion for the Matrix element, we
estimate the value of
δ 2Ω2B,0
8σ2
∼ 3.2× 10−8, based on which
one may argue that the perturbative expansion is valid when
the value of the squeezing parameter is s≪ 7.6 (correspond-
ing to sinh2(s)≪ 106). Therefore, we can safely carry out
the following work with the squeezing parameter s < 3. For
convenience, we will work with dimensionless quantities by
rescaling the peak frequency and the Gaussian bandwidth
Ω˜≡ Ω
ΩB,0
, σ˜ ≡ σ
σ0
, (15)
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Figure 3. (Color online). Three types of correlations I2
(Yellow), J2 (Green) and D2 (Red) in terms of the peak
frequency of mode b2. The other parameters are fixed at
s = 1, σ = 1 and h = 2× 104 km.
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Figure 4. (Color online) The change rate of three types of
correlation µC in term of the satellite’s orbital height. The
other state parameters are fixed at s = 1, σ = 1 and ΩB = 1.
where ΩB,0 = 500 THz and σ0 = 1 MHz. For simplicity, the
dimensionless parameters Ω˜ and σ˜ are abbreviated as Ω and
σ , respectively.
Now the effect of the Earth’s curved space-time will quan-
tified by three types of correlations. According to Eq. (18)-
(20), we could obtain the behaviors of the total correlation I2,
classical correlation J2 and quantum discord D2 between the
two modes of b1 and b2. The corresponding results are explic-
itly shown in in Fig. 1, which illustrates the three types of cor-
relations as functions of increasing orbit height h. The Gaus-
sian bandwidth, squeezing parameter and frequency of mode
b2 are respectively fixed at σ = 1, s= 1 andΩB = 1. One may
clearly see that, compared with the classical correlation, the
quantum discord will be more easily effected by the Earth’s
curved space-time. Such tendency has been firstly noted and
extensively discussed in the previous works43. Moreover, the
three type of correlations between mode b1 and b2 have ex-
hibited the similar behavior, i.e., initially increase for a spe-
cific range of height parameter h≃ rA
2
and then gradually ap-
proach to a finite value with increasing h. One possible expla-
nation to such findings is based on the fact that gravitational
frequency shift and special relativistic effects play different
roles in reducing correlations. With the increase of satellite
height, the special relativistic effects becomes smaller while
the gravitational frequency shift can be cumulated. More
specifically, the photon’s frequency received by the satellites
at the height of h < rA
2
will experience blue-shift (with in-
creasing correlations), while the corresponding frequencies
received at the height h > rA
2
will experience redshift (with
decreasing correlations). In fact, the peak value of all corre-
lations (i.e., the parameter δ = 0) has strongly suggested a de-
tectable frequency transformation from blue-shift to red-shift,
in the framework of three types of correlations between the
photon pairs29. It should be pointed out that, when the two
parties are situated at the same height or in the flat space-time
(δ 6= 0), the total frequency shift generated by both special
and general relativistic effects should be taken into account
(Eq. (9))29. When the satellite moves at the height h = rA
2
accompanied with vanishing Schwarzschild term (δSch), the
photons received on satellites will generate a tiny frequency
shift, in the case of which the lowest-order rotation term δrot
and higher-order correction term δh should be taken into con-
sideration.
In order to better understand the relations between the
three different correlations and the initial squeezing param-
eter, we also show the correlations of I2, J2 and D2 chang-
ing with the squeezing parameter s, fixing the orbit height h
at geostationary Earth orbits 3.6× 104 km, the frequency of
mode b2 at 1, and the Gaussian bandwidth σ at 1. As can
be clearly seen from Fig. 2, although all of the three type
of correlations will increase with the squeezing parameter,
the total correlation I2 is much more sensitive to the change
of squeezing parameter, compared with the classical corre-
lation and the quantum discord. Similarly, considering the
degeneracy between the wave packet overlap parameter Θ
5/9
and the frequency parameter ΩB, it is also necessary to in-
vestigate the behavior of three types of correlations with ΩB.
The three types of correlations as functions with the increas-
ing frequency parameter ΩB of mode b2 are shown in Fig.
3. It clearly show that all types of correlations decrease with
the increasing frequency parameter. Moreover, quantum dis-
cord is easier to change with increasing squeezing parameter
than classical correlation. We emphasize that compared with
the classical correlation, the quantum discord will slightly
vary with increasing frequency parameter, which strongly in-
dicates the possibility that one could choose appropriate pa-
rameters to realize quantum communications from the Earth
to the satellite.
Finally, with the aim of furthermore quantifying the influ-
ence of the Earth’s curved space-time, we will define an ad-
ditional quantity to describe the change rate of three types of
correlations
µC =
C(Σb1b2)−C0(Σb1b2)
C0(Σb1b2)
, (16)
where C = I2,J2,D2 and the subscript 0 denotes its corre-
sponding value at the height of the satellite (h = 0). In Fig. 4,
we plot the change rate of correlation µC as a function of
the height parameter h, with fixed Gaussian bandwidth σ = 1
and frequency parameter ΩB = 1. It is easy to perceive the
effects of blue-shift in the range of h < rA
2
and red-shift at the
height of h > rA
2
, based on the behavior of the µ parameter in
the framework of three types of correlations. Therefore, the
point of h = 2rA (which corresponds to δ = −1) denotes a
special height at which the blue-shift and the red-shift effects
on a photon’s frequency are offset. More specifically, the
change of correlations generated by gravitational frequency
shift can be determined at the level of < 0.5%, within the
satellite height at geostationary Earth orbits. Such findings
could provide some interesting possibilities to reduce the loss
of three types of correlation (especially the quantum discord),
through the control of the orbital height of satellites.
Discussion
In conclusion, we have studied the influence of curvature
induced by the Earth on three types of correlations includ-
ing total correlation (mutual information), classical correla-
tion, and quantum correlation (quantum discord) for a two-
mode Gaussian state, in which one of the modes is prop-
agating from the ground to satellites. Different from the
Schwarzschild case (no rotation) discussed in the previous
works, the special relativistic effects are also involved in our
analysis, considering the rotation of the Earth and the curved
space-time described by Kerr metric. Our results strongly
indicate that all of the three types of quantum correlations
increase with the compression parameters, while the mutual
information is more sensitive to the squeezing parameter s,
compared with the classical correlation and quantum discord.
Meanwhile, focusing on the relations between the correla-
tions and frequency, the quantum discord will significantly
vary with increasing frequency parameter ΩB, which is quite
different from the behavior of the classical correlation. Com-
pared with squeezing parameter, the frequency parameter ΩB
effecting on three types of correlations has inverse influence,
which means that a lower peak frequency parameter will lead
to less loss for all of correlations. However, compared with
other input parameters, squeezing parameter are dominant,
i.e., bigger means better. Finally, in the framework of a
quantity describing the change rate of three types of corre-
lations, we detect a special height (h = 2rA) at which the
blue-shift and the red-shift effects on a photon’s frequency
are offset. More importantly, the change of correlations gen-
erated by gravitational frequency shift is determined at the
level of < 0.5%, within the satellite height at geostationary
Earth orbits.
It should be emphasized that, with the rapid developments
in both quantum technology and quantum communication, it
is possible to implement quantum task between the ground
and satellites with the three types of correlation studied in
this work. More interestingly, considering the fact that real-
istic quantum systems always exhibit gravitational and rela-
tivistic features, our analysis in this paper can be extended
to the investigation of the dynamics of all types of corre-
lation under the influence of acceleration. Such conclusion
is supported by the equivalence principle in General Relativ-
ity, which states that the effects of gravity are exactly equiv-
alent to the effects of acceleration. Moreover, realizations of
quantum information and communication task must involve
multi-particle systems in the future, if we assume the initial
states is multi-particle quantum state, and then calculate co-
variance matrix of the initial state after the propagation, the
final state can be obtained. In the above process, one ends up
dealing with Gaussian states and transformations. Therefore,
our works can be extended to multi-particle quantum state.
Methods
For a general two-mode Gaussian state (ρAB) composed of
two subsystems (A and B)30, the vector of the field quadra-
tures can be defined as Rˆ = (xˆA, pˆA, xˆB, pˆB)T, which satisfies
the canonical commutation relations [Rˆk, Rˆl ] = iΩkl with the
symplectic form Ω =
(
0 1
−1 0
)⊕2
. Note that all of the Gaussian
properties can be determined from the symplectic form of the
covariancematrix (CM) σi j = Tr
[{Rˆi, Rˆ j}+ ρAB]31–34, which
is transformed in a standard form through diagonal subblocks
σAB =
(
A C
CT B
)
, (17)
with A = aI, B = bI, and C = diag{c1,c2}. The symplectic
eigenvalues of σAB are given by 2ν
2∓ = ∆∓
√
∆2− 4detσAB,
with ∆ = detA+ detB+ 2detC. See33–37 for more details
about the structural and formal description of Gaussian quan-
tum states in phase space.
Now we will briefly introduce the definition of mutual in-
formation (or the total correlation), classical correlation, and
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quantum correlation (or the quantum discord) in the continu-
ous variable case3–5.
Total correlation or mutual information. The mutual infor-
mation, or a measurement of the total correlations in a quan-
tum state, is often used to describe the amount of informa-
tion in a quantum state. In general, in this analysis we turn
to Rényi entropy of order 2 (instead of the commonly-used
von Neumann entropy in the previous works) to quantify all
of the relevant quantities, which satisfies the strong subaddi-
tivity inequality for arbitrary Gaussian states38 with clear and
detailed expression. Therefore, the total correlation between
subsystems A and B can be quantified by the Rényi entropy
mutual information
I2(σAB) = S2(σA)+ S2(σB)− S2(σAB)
=
1
2
ln
(detAdetB
detσAB
)
, (18)
with the Rényi entropy S2(σ) =
1
2
ln(detσ) and a given Gaus-
sian state σAB.
Classical correlation. It is well known that one-way clas-
sical correlation is always obtained by local measurements.
Specially, when the most informative local measurement is
performed on subsystem B, we can define J2(σA|B) in terms
of how much the ignorance about the state of subsystem A is
reduced. Based on the newly-introduced Gaussian Rényi-2
measure of one-way classical correlation, J2(σA|B) could be
interpreted as the maximum decrease in the Rényi-2 entropy
of subsystem A, given a Gaussian measurement (i.e., the mea-
surement operation mapping Gaussian states into Gaussian
state in the continuous variable system) performed on sub-
system B and the maximization performed over all Gaussian
measurements. Now the expression of J2(σA|B) is given by
J2(σA|B) = S2(σA)− inf
ΠB(η)
S2(σ˜A)
= sup
ΠB(η)
1
2
ln
( detA
det σ˜A
)
, (19)
where ΠB(η) denotes the Gaussian measurement on subsys-
tem B. One could obtain CM σ˜A through the conditional state
(ρA|η) of subsystem A, after a measurement of ΠB(η) per-
formed on B with the outcome of η . It’s worth noting that the
Gaussian measurements used in this analysis specially denote
Gaussian positive operator valued measurements (POVMs),
which are executable using linear optics and homodyne de-
tection39. Swapping the roles of the two subsystems A ↔ B,
one could straightforwardly obtain the expression of J2(σB|A)
(see40 for more details).
Quantum correlation or quantum discord. The quantum
correlation (or quantum discord), as a measurement of the
quantumness of correlations, is originated from the discrep-
ancy between two classically equivalent definitions of mutual
information. It is defined as the total minus classical correla-
tions based on Rényi-2 entropy
D2(σA|B) = I2(σAB)− J2(σA|B)
= inf
ΠB
1
2
ln
(detBdet σ˜A
detσAB
)
, (20)
the calculation result of which can be obtained by swapping
the roles of the two subsystems A↔ B.
As a final remark, one can clearly see that the total correla-
tion (S2(σ) =
1
2
ln(detσ)) is the sum of classical correlation
(J2(σB|A)) and quantum correlation (A ↔ B), based on the
definitions of three types of correlations shown above.
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